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Introduction
Essential tremor, the most common movement disorder, can be disabling to the degree of necessitating deep brain stimulation (DBS) . DBS is effective in alleviating the tremor, but the neural mechanisms underlying the treatment effect are poorly understood. Essential tremor is characterised by bilateral upper limb postural and/or kinetic tremor, and occasionally tremor of the head and voice (Bhatia et al., 2018; Hopfner and Deuschl, 2018) . In patients with disabling and medically intractable symptoms, DBS is effective in reducing the tremor (Deuschl et al., 2011) . Traditionally, the ventral intermediate nucleus of the ventrolateral thalamus (Vim) has been targeted for stimulation, but recently stimulation in the caudal zona incerta (cZi) in the posterior subthalamic area is becoming more common and has been suggested to be more effective in alleviating the tremor (Barbe et al., 2018; Blomstedt et al., 2010; Deuschl et al., 2011; Fytagoridis et al., 2012; Plaha et al., 2011 Plaha et al., , 2008 Sandvik et al., 2012) .
Tremor generation is proposed to be centrally driven by a dysfunctional cerebello-thalamocerebral circuit resulting in pathological oscillations (Helmich et al., 2013; Hopfner and Deuschl, 2018) . The abnormally oscillating circuit includes the cerebellum, brainstem, thalamus and the sensorimotor cortex , the activity of which is coherent with tremor frequency during motor tasks (Schnitzler et al., 2009) . Regions within this circuit exhibit dysfunctional activity during active motor tasks and during rest (Bhalsing et al., 2013; Sharifi et al., 2014) . Functional imaging studies have revealed abnormally increased activity in the primary sensorimotor cortex, premotor cortex (PMC), supplementary motor area (SMA), thalamus and cerebellum during motor tasks (Broersma et al., 2016; Bucher et al., 1997; Colebatch et al., 1990; Neely et al., 2015) , and during rest (Boecker et al., 1996; Hallett and Dubinsky, 1993; Jenkins et al., 1993; Wills et al., 1994) as compared to normal subjects. How the disease-related activity is influenced by DBS has not yet been clarified.
DBS, and other stereotactic procedures, have been proposed to interfere with the pathological tremor oscillations that presumably originate from the cerebellum and ascend, through the cZi, to the Vim and motor cortex (Blomstedt et al., 2009; Chazen et al., 2018; Groppa et al., 2014; Plaha et al., 2008) . However, it has been suggested that the DBS effects extend beyond the stimulated target and influence the entire dysfunctional circuit (Fox et al., 2014) . Indeed, DBS-related neural changes have been reported in cerebello-thalamo-cerebral regions both near and distant to the stimulated area in essential tremor patients with DBS in the Vim (Ceballos-Baumann et al., 2001; Gibson et al., 2016; Haslinger et al., 2003; Perlmutter et al., 2002) . These previous studies were conducted in a small number of patients either intraoperatively during general anaesthesia or during resting conditions. DBS effects on the cerebello-thalamo-cerebral circuit during different motor tasks in awake and behaving essential tremor patients are unknown, especially in cZi DBS which, to date, has not been explored by functional neuroimaging. Since tremor in essential tremor is predominantly present during actions and not during rest (Bhatia et al., 2018) , it is critical to investigate DBS effects during different motor tasks, in the presence and absence of tremor.
We aimed, therefore, to investigate DBS effects on the activity of the cerebello-thalamocerebral circuit in essential tremor patients by means of task-based blood oxygen leveldependent (BOLD) functional MRI (fMRI). The first aim was to investigate whether DBS modulation of the sensorimotor cerebello-thalamo-cerebral circuit varies depending on the tasks, with and without tremor, i.e. task-dependent modulation. The second aim was to find out whether DBS in the cZi exerts general effects on the sensorimotor circuit regardless of the task at hand, i.e. task-independent modulation. Essential tremor is characterised by postural tremor, but some patients may also exhibit intention tremor, i.e. tremor that increases in amplitude when approaching a target (Deuschl et al., 1998) . Since intention tremor is only seen in a subgroup of patients and its presence has been specifically associated with cerebellar dysfunction (Deuschl et al., 2000; Zakaria et al., 2013) , we aimed to investigate potentially specific DBS effects separately in patients exhibiting intention tremor.
To address these questions, we used BOLD fMRI to measure brain activity during accelerometry-quantified postural and intention tremor-provoking tasks as well as during rest in awake essential tremor patients chronically implanted with DBS in the cZi.
Material and methods

Patients and Surgical procedure
We included 16 patients with essential tremor (9 male; average age 70 years, range 52-80 years). All essential tremor patients with cZi DBS in our unit at the University Hospital of Umeå (n= 60) were considered for participation in the study. Of these, 35 were excluded due to cognitive impairment/dementia, claustrophobia, significant head tremor, or MRincompatible DBS system. Of the remaining 25 patients who were asked to participate in the study, 17 consented but one died from unrelated causes before the initiation of the study. The diagnosis was set by a movement-disorders specialist according to the ''consensus statement of the Movement Disorder Society on Tremor'' (Deuschl et al., 1998) . A new consensus on the classification of tremor (Bhatia et al., 2018) was established after the diagnosis of our patients and the conduction of the study. However, none of the patients is likely to get a different tremor diagnosis in the light of the new consensus. See Table 1 for patient demographics. The patients had been receiving chronic DBS in the cZi with a stable clinical response for at least 1 year (range 1 -5.8 years). The surgical procedure has been described in detail previously (Blomstedt et al., 2010) . The target in the cZi was visually identified on stereotactic MRI slightly posteromedial to the posterior tip of the subthalamic nucleus at the level of the maximal diameter of the red nucleus (Fig. 1) . The location of the electrodes was verified using an intraoperative CT fused with the preoperative MRI. The patients were implanted with electrode model 3389
Medtronic and a single "implanted pulse generator" (Activa, Medtronic). All patients gave written informed consent, and the study was approved by the local medical ethical board and was performed in accordance with the Declaration of Helsinki. 
Imaging data acquisition
All scans were performed with a Philips Achieva dStream 1.5 T MR scanner using a transmitreceive (T/R) head coil, and average head-specific absorption rate (SAR) below 0.1 W/kg. 
Experimental design and procedure
Prior to scanning, patients were trained to perform the motor tasks to ascertain proper task performance. While lying supine in the MR scanner, patients looked at a screen located vertically in front of them at reaching distance. The screen was visualised using a double mirror mounted on the head coil, in order to avoid lateral inversion produced if using a single mirror. The instructions and motor commands were implemented in E-prime 2 (Psychology Software Tools, Sharpsburg, PA, USA), and projected on the screen. The patients performed tasks by alternating between the following blocks guided by the instructions on the screen:
1. Postural holding during which the patients were instructed to raise the right forearm and keep it outstretched against gravity for 20 seconds. A preparatory image (an outstretched arm) appeared 1 second before the go-signal and remained visible during the whole block. This task was designed to elicit postural tremor.
2. Pointing task during which patients were instructed to perform reaching movements with the right forearm and point with the index finger at a target viewed on the screen.
The block started with a 5 seconds preparatory instruction followed by a 20 seconds block to perform the movements. Five reaching and pointing movements were preformed (the onset was indicated by the appearance of the target and a go-signal).
The task was designed to elicit intention tremor, if present.
3. Resting task where patients were instructed to keep their arms by the body on the scanner table and relax completely during 20 seconds.
The different tasks were performed sequentially in the order stated above, and repeated 10 times each. For patients implanted with bilateral DBS electrodes (n= 5), the electrode ipsilateral to tested arm was switched off during the whole experiment. Two patients performed left-sided motor tasks. The first patient had unilateral DBS for a predominantly left-sided tremor. The second patient had bilateral DBS, but preferred performing left-sided motor tasks due to cramps in the right hand, unrelated to the stimulation.
All tasks were performed with the DBS, contralateral to the tested arm, turned On and Off in two subsequent sessions, with the initial stimulation setting counterbalanced across patients, i.e. half of the patients started the first session with DBS Off and the other half with DBS On.
During the experiment, therapeutic stimulation parameters were used, which were previously optimised in our clinic to produce a maximal tremor reduction without eliciting side effects according.
To minimize head movements due to motor tasks, a band was applied on the right upper arm restricting the mobility of the shoulder joint (12 patients). To further stabilise the patients´ heads, bite bars fixed on the head coil were used when tolerated by patients (seven patients).
These bite bars were custom made for each patient to match the patient's own teeth prior to the scanning session. Furthermore, foam padding was used between the head and head coil for additional head-motion restriction.
To register tremor and hand movements, an MR compatible single-axis optical accelerometer attached to the ulnar side of the hand was used during the study except in the first three patients. Accelerometer data were primarily used to gain precise task onsets and durations to be modelled in fMRI analysis, as well as to quantify the tremor elicited by different motor tasks during scanning.
Data analyses
Accelerometer data analysis
Accelerometer data were visualised and analysed by using an in-house software (Zoom).
Onsets times and durations of the tasks were obtained individually for each patient. The time periods for each block were identified visually from the acceleration signal corresponding to the beginning of the first hand-movement to the end of the last movement. For the three patients without accelerometer registration, onsets times and durations were calculated from instruction presentation time points during scanning (logged by E-prime).
Following extraction of onsets and durations, accelerometer data were processed as following:
(i) a band-pass filter 0.7 -13.9 Hz (-6 dB) was applied to exclude gravitational acceleration, (ii) a notch filter 9.4 -11.3 Hz was used to eliminate the artefacts from the gradient magnets of the scanner, and (iii) to quantify the tremor intensity, the root mean square (RMS) during each condition and action state was calculated. To calculate pure postural tremor values, larger movements corresponding with forearm flexion and extension were identified visually and they were excluded from the analysis. Such approach was not applicable during the pointing task due to multiple pointing trials. Thus, tremor values from the pointing task were contaminated with slow arm-movements.
To calculate the percentage improvement in postural tremor, the difference between RMS during On and Off stimulation was divided by the RMS during Off stimulation, and then multiplicated by 100. The median improvement was calculated for the 13 patients, and the statistical significance for the difference between On and Off was tested with a t-test (tested against improvement by 0 %).
Image processing
Before pre-processing, image data (T1 and functional volumes) from two patients with active right-sided electrodes during fMRI were flipped with respect to the mid-sagittal plane in order to achieve consistent group activation maps regarding lateralisation. The results of this approach were checked to ascertain accordant activations in motor areas with other patients´ activation maps.
Data were pre-processed and analysed by using SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK) implemented in MATLAB 7.11 (MathWorks). Batching of SPM routines and result visualisation were performed with a software developed in-house (DataZ).
Data were slice-timing corrected, unwarped and spatially realigned to the first scan by rigid body transformations to correct for head movements, and co-registered to the T1-weighted anatomical image. Ultra-low frequency fluctuations were removed by applying a high-pass filter (cut-off = 128 s). In all patients, maximal displacements due to head motion were < 2.5 mm.
A group-specific anatomical template was created from the individual 16 T1-weighted images using DARTEL (diffeomorphic anatomical registration through exponentiated lie algebra) for a more precise inter-subject alignment (Ashburner, 2007) . Individual functional data were normalized to the MNI anatomical space using the group-specific DARTEL template, and then spatially smoothed by using an 8-mm full-width half maximum (FWHM) Gaussian kernel. A group-specific anatomical image was created by averaging individual normalised T1-weighted images and then used to create a group-specific rendered brain image. Following the pre-processing routine, data were inspected to ascertain that artefacts induced by the DBS hardware did not impact normalisation to MNI space or distort the cortical areas of interest.
The hardware-related artefacts resulted in signal loss surrounding the electrode, and the extension cables sited over the left parietal cortex ( Supplementary Fig. 1 ).
fMRI data analyses
FMRI data were analysed voxel by voxel by using a GLM (general linear model). Analyses were set up by including the experimental conditions for each task during DBS On as well as during DBS Off (postural, pointing and rest) as boxcar regressors of interest, convolved with the canonical haemodynamic response function. To account for residual head motion artefacts, six motion parameters estimated during realignment were included as nuisance regressors in the regression model.
The linear regression analyses at the subject level produced beta-value images for each condition, which were used to calculate contrast images used as input in repeated-measures random-effects ANOVAs. As we were primarily interested in exploring DBS effects within the cerebello-thalamo-cerebral circuit, we created a binary mask based on a group-level network of brain regions engaged by the motor tasks ("motor network"). This approach increases the power of detecting effects. The mask was created from a one sample t-test in a random-effects model (calculated by contrasting postural holding and pointing with rest, regardless of DBS setting, p ≤ 0.0001, uncorrected with an extent threshold of 20 contiguous voxels). This threshold was chosen ad hoc to specifically include all parts of the cerebellothalamo-cerebral network and little else. The mask consisted of all active regions within the sensorimotor cortices, the thalamus, and the cerebellum. The cerebral and thalamic clusters were extracted directly as two active separate clusters. Given the visual nature of the tasks, BOLD signal change was also observed in the occipital visual areas as one cluster continuous with cerebellar regions. To selectively extract cerebellar regions and exclude the occipital cortex, we used the SUIT cerebellum template (Diedrichsen, 2006) as an including mask, such that cerebellar regions, within the mask, were included and extracted, whereas occipital regions were not.
The task-dependent DBS modulation in the case of postural holding was calculated as DBS x motor task interaction effects through random-effects repeated-measures 2x2 ANOVA [first factor: task (postural holding, rest)], second factor [DBS setting (Off, On)]. A factorial design in SPM was used and the measurements were assumed to be dependent between levels but with unequal variance. Similarly, the task-dependent DBS modulation in the case of pointing was calculated as DBS x motor task interaction effects [first factor: task (pointing, rest)], second factor [DBS setting (Off, On)]. This analysis was intended to be performed on a subgroup of patients exhibiting intention tremor, but was instead performed for the whole group since isolating patients with intention tremor was not possible (see below). To explore general DBS effects on the sensorimotor circuit, i.e. task-independent modulation, the main effects of DBS were calculated from the above-mentioned ANOVAs.
The binary motor network mask was used (as described above) to focus the analyses to the cerebello-thalamo-cerebral circuit based on our a priori hypothesis regarding regions of importance for essential tremor. Importantly, the contrast used to create the mask is orthogonal to the test contrasts used later in ANOVA, which, combined with the balanced design matrix ensures that there is no statistical dependency between the generation of the motor mask and subsequent ANOVAs (Kriegeskorte et al., 2009 ).
Regions were considered significant at the threshold of p ≤ 0.05, FWE cluster-corrected for multiple comparisons within the motor mask (cluster-defining threshold was set to an uncorrected voxel-based threshold of p ≤ 0.001). For completeness, we also report the results from whole-brain analyses.
Percent signal changes were extracted from significant clusters from the ANOVAs for each region and condition, averaged within each cluster, and then used for post hoc repeated measures two-tailed t-tests of the directionality of effects and the difference between Off and On conditions. Effect sizes from each cluster were visualised as percent BOLD signal change benchmarked to BOLD signal during the resting condition Off stimulation according to the formula: [(β task -β rest_Off )/β constant ] x 100, where βs are the regression coefficients for different experimental conditions (tasks) from the first-level analyses and β constant is the mean intensity across the session.
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Results
DBS resulted in contralateral reductions in postural tremor measured by the accelerometer in 13 patients during the fMRI (range: 31 to 98%, median: 87%), p < 0.05 (tested against improvement by 0 %). The main tremor frequencies observed during Off stimulation covered 3-8 Hz according to a Fast Fourier Transform.
Intention tremor is a tremor with increasing amplitude during movements towards a target (Deuschl et al., 1998) . To identify a subgroup of patients exhibiting intention tremor, we attempted to measure a potential increase in the root mean square of the acceleration at the end of each trial in the pointing task. Due to several pointing trials (five) during each block (20 seconds), not allowing for sufficient time at the target, the pointing task was unfortunately not adequate to distinguish intention tremor clearly. Nevertheless, there was a group-wise reduction in the root mean square that ranged from 6 to 96 % (median: 61%), p < 0.05, likely representing a mix of unspecific kinetic and intention tremor improvement.
Performing the motor tasks relative to rest, regardless of DBS stimulation setting, was associated with an expected BOLD signal increase in the sensorimotor and visual regions (p ≤ 0.0001, uncorrected, k=20). The resultant motor network included the contralateral primary sensorimotor cortex, premotor cortices, SMA proper, thalamus and bilateral cerebellum (lobules right IV, V, VI, vermis, VIII and left VI) (Fig. 2) . Fig. 3 . The cerebral effects were located contralateral, whereas cerebellar effects were ipsilateral, to arm movements. Effect sizes from these regions, expressed as percent signal change benchmarked to BOLD during rest in DBS Off, are shown in Fig. 3 . Post hoc t-tests (p ≤ 0.05, uncorrected) were used to determine the experimental condition during which DBS was driving the interaction effect. Two patterns emerged; BOLD signal decrease during the postural holding when DBS was turned on in the primary sensorimotor cortex (p = 0.02) and cerebellar lobule VIII (p = 0.04), and BOLD signal increase during rest when DBS was turned on in the SMA proper (p = 0.009) and cerebellar lobule V (p = 0.04). As we were not able to isolate a subset of patients exhibiting intention tremor, whole-group DBS x pointing-task interaction effects were explored. There were no statistically significant effects (p ≤ 0.05, FWE cluster-corrected). 
Task-independent DBS modulation
Postural holding
For completeness, we also report results from whole-brain analyses (i.e. without using the cerebello-thalamo-cerebral mask). In the case of the postural task, task x DBS interaction effects were found in the right precuneus, bilateral cuneus and right superior and middle temporal gyrus ( Supplementary Fig. 2A ), in addition to the four sensorimotor clusters reported above. Although the interaction effect in these three regions was significant, there were no significant differences between DBS settings ( Supplementary Fig. 2B ). No additional results were observed in whole-brain analyses for the other conditions.
There were no significant DBS-related effects in the thalamus. Since the thalamus is postulated to be of central importance in essential tremor, BOLD signal change in the thalamus was further explored. BOLD signal change from the thalamic cluster within the motor network was extracted (a region of interest was defined from the thalamic local maximum in the motor network defined above, MNI -16 -20 8 with a 5 mm radius) and plotted for each condition to visualise DBS effects in this cluster (Fig. 5 ). While BOLD signal in the thalamus increased during motor tasks (postural holding and pointing) relative to rest during Off as well as during On stimulation, there were no significant differences between DBS settings. 
Discussion
In the present study, DBS in the cZi was demonstrated to exert both task-dependent as well as task-independent effects on the sensorimotor circuit. Task-dependent (DBS x task interaction) effects were seen in sensorimotor cerebello-cerebral regions: the primary sensorimotor cortex, SMA proper and cerebellum. Differential DBS effects were found depending on whether the patients performed tremor-inducing postural holding or rest. Specifically, BOLD signal in the primary sensorimotor cortex and cerebellar lobule VIII decreased when performing postural holding while DBS was turned on. In contrast, BOLD signal in the SMA proper and cerebellar lobule V increased during the resting condition when DBS was turned on. Taskindependent effect was observed as activity increase in the lateral premotor cortex during all motor tasks and during rest.
DBS modulation of cerebello-cerebral nodes distant from the stimulated target is consistent with the extensive afferent and efferent connections between the cZi and the cerebral cortex, thalamus, cerebellum, basal ganglia and brain stem (Blomstedt et al., 2009; Mitrofanis, 2005) , and is in agreement with previous reports indicating distant, rather than only local, effects of DBS in the thalamus and subthalamic nucleus (Ceballos-Baumann et al., 2001; Gibson et al., 2016; Haslinger et al., 2003; Kahan et al., 2014 Kahan et al., , 2012 Perlmutter et al., 2002) .
Task-dependent DBS modulation
In the case of postural holding, DBS had task-specific (interaction) effects in the cerebellum, the SMA and the primary sensorimotor cortex.
Accumulating evidence, originating from structural (Bagepally et al., 2012; Benito-León et al., 2009; Cerasa and Quattrone, 2016; Gallea et al., 2015) and functional (Boecker and Brooks, 1998; Broersma et al., 2016; Bucher et al., 1997) brain imaging studies as well as pathological examinations (Louis, 2016) , indicates a possible primary pathological role of the cerebellum in essential tremor. These structural and functional abnormalities result in tremor oscillations which are transferred to the sensorimotor cortex through the posterior subthalamic area and the thalamus (Helmich et al., 2013) . DBS is proposed to interfere with these tremor oscillations at the level of the cZi or the part of the Vim with the highest connectivity to the contralateral dentate nucleus (Akram et al., 2018) .
The current cerebellar DBS effects lie within the sensorimotor cerebellar lobules (IV/V and VIII) (Buckner et al., 2011; Kelly and Strick, 2003; Stoodley et al., 2012) , that also have been reported to be structurally (Gallea et al., 2015) and functionally (Broersma et al., 2016; Buijink et al., 2015b; Muthuraman et al., 2018) disturbed in essential tremor. The DBSrelated effects in the cerebellum might represent a modulation of primary pathological cerebellar activity, especially the BOLD signal decrease in cerebellar lobule VIII during postural holding when the DBS is turned on. Indeed, repetitive transcranial magnetic stimulation (rTMS) over the posterior cerebellum has been shown to supress tremor and the improvement was sustained for three weeks when the TMS was applied repeatedly for five sessions (Popa et al., 2013) .
The DBS effect in the SMA (increased activity during rest due to DBS) is consistent with the increased blood flow in the SMA due to thalamic stimulation during rest as reported in an early PET study (Perlmutter et al., 2002) , and also the intraoperative fMRI study by Gibson et al. (Gibson et al., 2016) . The SMA has gained more attention in recent studies dealing with essential tremor pathophysiology and it has been assigned a compensatory role in mitigating tremulous activity that originates from the cerebellum. This notion has emerged as the SMA has been shown to exhibit grey matter increase, as opposed to cerebellar atrophy, in essential tremor (Gallea et al., 2015) . Our finding of DBS-associated BOLD signal increase in the SMA during rest cannot corroborate a compensatory function of the SMA. Interestingly though, as DBS induces activity increase during rest, no further recruitment of the SMA is evident when patients perform the postural holding during On stimulation (i.e. SMA is not a part of the motor network, defined as motor task > rest, during On stimulation).
The DBS effect in the primary sensorimotor cortex (decrease during postural holding due to DBS) is compatible with results from previous functional imaging studies showing increased activity in the sensorimotor cortex during tremor-provoking motor tasks in essential tremor patients as compared to controls (Broersma et al., 2016; Bucher et al., 1997; Hallett and Dubinsky, 1993; Jenkins et al., 1993; Neely et al., 2015) . In these studies, abnormal motor/tremor-related activity in primary sensorimotor and other regions was evident even when compared with passive tremor (passive wrist oscillations induced by an experimenter) in patients as well as with passive tremor and "mimicked" tremor in controls. The control tasks were designed to reproduce the proprioceptive input resulting from involuntary tremor.
Thus, altered sensorimotor activity in patients is not only due to different proprioceptive tremor input but also represents underlying functional abnormality, and it seems that DBS normalises this increase in primary sensorimotor cortex activity.
The overall effect of the task-dependent DBS modulation can be interpreted as differences at the effector level and may reflect DBS-induced tremor reduction since the cerebellum, SMA and primary sensorimotor cortex exhibit less motor task-activity as compared to the resting condition during On stimulation. This was achieved either through reduction during the active motor task (postural holding in the primary sensorimotor cortex and cerebellar lobule VIII) or through increases in resting/baseline activity (cerebellar lobule V and the SMA).
Task-independent DBS modulation
The main effect of DBS was located in the left lateral PMC, ipsilateral to the stimulation.
Common across all tasks, including rest, DBS resulted in an increase of BOLD in the PMC.
Premotor regions have been considered to be part of the dysfunctional synchronised network involved in tremor generation. EEG/MEG studies reported coherence between central oscillations over the PMC and peripheral tremor oscillations (Muthuraman et al., 2012; Schnitzler et al., 2009) . In functional neuroimaging studies, the PMC has been shown to exhibit abnormalities in blood flow and BOLD signal during rest and motor tasks (Buijink et al., 2015a; Colebatch et al., 1990; Jenkins et al., 1993) , and decreased functional connectivity with the cerebellum (Lenka et al., 2017; Neely et al., 2015) . Moreover, dysfunctional
GABAergic neurotransmission, as shown by increased 11 C-flunazenil binding to GABAreceptors, has been observed in the PMC, along with the cerebellum and the ventrolateral thalamus (Boecker et al., 2010) .
Although the role of the premotor regions in essential tremor is still unclear, it is reasonable for a therapeutic modulation to occur through or in orchestration with the PMC. The premotor regions are involved in higher-order integrative sensorimotor control such as motor planning, sensory guidance of movements and movement corrections though connections to the primary motor cortex and to the spinal cord (Chouinard and Paus, 2006; Dum and Strick, 2004; Picard and Strick, 2001) . Dysfunctional premotor control might be part of the pathophysiology in essential tremor manifesting as decreased/inadequate inhibitory control that makes the system more susceptible to oscillations. Speculatively, the DBS effects may be partly driven by modulating (restoring?) PMC activity which makes the sensorimotor system more resistant to perturbation by tremor oscillations.
Negative findings
In the thalamus, there were no DBS-related effects. Two previous functional imaging studies have shown local increase in blood flow and BOLD signal change in the thalamus due to DBS (Gibson et al., 2016; Perlmutter et al., 2002) . The failure to replicate these results may be due to different experimental designs and, more importantly, a different DBS target in our study (cZi) . Another possibility is related to signal drop-out around the lead which is evident here and in previous fMRI studies. For example, it was not possible to record BOLD data from the subthalamic nucleus itself in a study by Kahan et al., where they explored DBS effects in Parkinson's disease (Kahan et al., 2014) . Potential DBS effects might, thus, be located within the area of signal drop-out. However, more posterior parts of the thalamus were not affected by signal dropout and showed clear signal change when comparing motor tasks with rest, as shown in figures 2 and 5.
There were no DBS x task interaction effects during the pointing condition, perhaps because we could not isolate intention tremor, as we initially aimed to do. This was probably a result of a suboptimal design with too many pointing trials within each block, not allowing sufficient time for intention tremor to develop. There was, however, a group-wise reduction in the root mean square that likely represents a mix of kinetic and intention tremor improvement.
Interaction effects are probably more dependent on optimal task design and performance as compared to main effects. Indeed, main effects of DBS (regardless of motor tasks) were evident despite this limitation.
Integrated network view on DBS effects
The dysfunctional cerebello-thalamo-cerebral circuit in essential tremor is normally responsible for sensorimotor control and has been shown to generate motor output as small movement discontinuities at a frequency of 8 -10 Hz (Gross et al., 2002; Vallbo and Wessberg, 1993) . The efferent drive of this normal physiological tremor originates from the primary motor cortex but is sustained by a cerebellar drive through the thalamus to the PMC before reaching the primary motor cortex (Gross et al., 2002) . Motor output discontinuities (physiological tremor) represent alternating agonist and antagonist bursts, the timing and the amplitude of which are controlled by the cerebellum to produce smooth and coordinated movements (Filip et al., 2016; Schnitzler and Gross, 2005) .
Essential tremor is driven by dysfunction in the cerebello-thalamo-cerebral circuit resulting in pathological tremor oscillations that are probably transferred from the cerebellum to the motor cortex (Helmich et al., 2013; Hopfner and Deuschl, 2018; Plaha et al., 2008) . These oscillations are modulated by DBS in the Vim or cZi which represent the bottleneck of the cerebello-thalamo-cerebral circuit. Why this circuit is susceptible to oscillations in essential tremor is not known but has been postulated to be rooted in the decreased GABAergic neurotransmission in the PMC, thalamus and cerebellum (Boecker et al., 2010) .
Here, the main effect of DBS was an increase in the PMC activity regardless of the motor state of the patients, which we interpret as DBS-induced potentiation (restoration?) of premotor control on the sensorimotor circuit, making it less susceptible to tremor entrainment.
This finding is consistent with the direction of the signals responsible for intermittent motor control, i.e. signals originating from the cerebellum and reaching the primary motor cortex after passing through the thalamus and the PMC (Gross et al., 2002) . Furthermore, therapeutic modulation of the PMC is supported by a recent probabilistic tractography study reporting that stimulating the part of the thalamus with the highest connectivity to premotor regions is associated with better tremor control (Middlebrooks et al., 2018 , but see Akram et al., 2019) .
On the other hand, the task-dependent DBS effects in the primary sensorimotor cortex, SMA and cerebellum represent differences at the effector level and may reflect DBS-induced tremor reduction since these cerebello-cerebral regions exhibit less motor task-activity as compared to the resting condition during On stimulation.
Limitations
Compared to other studies combining functional neuroimaging and DBS, we included a relatively large number of patients. Nevertheless, the sample size is small, and the study might be underpowered to detect other effects of interest. Underpowered studies might also overestimate detected effect sizes (Button et al., 2013) . However, the analytical approach of restricting the search volume to brain regions known a priori to be involved in essential tremor, was aimed to increase the power of detecting treatment effects.
Hardware-related artefacts from the electrode and the extension cables precluded the possibility of collecting high-quality data from the cZi/thalamus and parts from the left parietal cortex. BOLD signal from well-described sensorimotor-related regions were, however, still detectable. For safety reasons, we adhered to a strict experimental setup and used imaging parameters to keep the SAR values below 0.1 W/kg. As most previous fMRI-DBS studies, we used a 1.5T scanner and T/R head coil to reduce radiofrequency exposure to the DBS system. Low field-strength and T/R coil are not commonly used in fMRI studies nowadays as they offer lower signal-to-noise ratio. The spatial resolution was therefore relatively low (voxel size 3.44 x 3.49 x 4.4 mm) compared to commonly used fMRI parameters. While such spatial resolution does not match the precision needed for precise DBS electrode placement, it is sufficient to capture cortical and subcortical changes resulting from DBS. Also, the temporal resolution of fMRI precludes detecting fast effects, such as potentially relevant tremor oscillation-related activity. Despite these limitations, the study provides a novel approach to explore DBS effects with fMRI in awake patients during different task states, i.e. with and without tremor.
Conclusions
We show that DBS in the cZi exerts both task-dependent as well as task-independent effects on the sensorimotor circuit. Task-dependent modulation resulted in two patterns of DBS effects; activity decrease during tremor-inducing postural holding in the primary sensorimotor cortex and cerebellar lobule VIII, and activity increase in the SMA and cerebellar lobule V during rest. The task-dependent effects represent differences at the effector level and may reflect DBS-induced tremor reduction since the cerebellum, SMA and primary sensorimotor cortex exhibit less motor task-activity as compared to the resting condition during On stimulation. Task-independent DBS modulation was observed as increased activity during all motor tasks and during rest in the lateral PMC. This task-independent modulation may mediate the therapeutic effects of DBS through the facilitation of the premotor control over the sensorimotor circuit making it less susceptible to tremor entrainment. Our findings support the notion of DBS acting upon modulation of the sensorimotor cerebello-cerebral circuit distant to the stimulated target in essential tremor and illustrate the complexity of DBS mechanisms by demonstrating task-dependent as well as task-independent actions in cerebello-cerebral regions.
